The topoisomerase IV parC and parE genes from the wall-less organism Mycoplasma hominis PG21 were cloned and sequenced. The coupled genes are located far from the DNA gyrase genes gyrA and gyrB. They encode proteins of 639 and 866 amino acids, respectively. As expected, the encoded ParE and ParC proteins exhibit higher homologies with the topoisomerase IV subunits of the gram-positive bacteria Staphylococcus aureus and Streptococcus pneumoniae than with their Escherichia coli counterparts. The conserved regions include the Tyr residue of the active site and the region involved in quinolone resistance (quinolone resistancedetermining region [QRDR]) in ParC and the ATP-binding site and the QRDR in ParE.
The intracellular targets of fluoroquinolones are considered to be the bacterial type II topoisomerases (23, 30) . These enzymes are responsible for the control of the topological state of DNA in the cell. In Escherichia coli, two type II topoisomerases have been identified, DNA gyrase (23) and topoisomerase IV (28) . DNA gyrase is composed of two A and two B subunits encoded by the gyrA and gyrB genes, respectively. The tetrameric enzyme catalyzes ATP-dependent negative supercoiling of DNA (50) . Topoisomerase IV also is a heterotetramer consisting of two C and two E subunits encoded by the parC and parE genes, respectively. This enzyme is essential for chromosome segregation (2) .
Mutations in the quinolone resistance-determining regions (QRDRs) of gyrA (15, 22, 55) and parC (25, 30, 31) have been described as the major mechanism for quinolone resistance. In gram-negative bacteria such as E. coli and Neisseria gonorrhoeae, DNA gyrase is thought to be the primary target of quinolones, since amino acid changes in ParC or ParE could be detected only when GyrA mutations were present (10, 12, 25, 31) . Inversely, in ciprofloxacin-resistant strains of the grampositive bacteria Staphylococcus aureus (17, 18, 51) and Streptococcus pneumoniae (38, 48) , GyrA mutations could be detected only when a ParC mutation was present, indicating that, in these gram-positive bacteria, topoisomerase IV was the primary target of ciprofloxacin.
However, the primacy of topoisomerase IV over DNA gyrase as the quinolone target is not a conserved feature of gram-positive bacteria. Studies of fluoroquinolone-resistant mutants of S. pneumoniae (40) showed that the target preference depends on the quinolone structure. Similarly, we recently reported that, in Mycoplasma hominis, DNA gyrase is the primary target of sparfloxacin whereas topoisomerase IV is the primary target of pefloxacin, ofloxacin, and ciprofloxacin (9) , indicating that topoisomerase IV as well as DNA gyrase is an important target for fluoroquinolones in this organism. Indeed, characterization of fluoroquinolone-resistant strains of M. hominis selected in vitro showed that they harbored mutations not only in gyrA but also in parC and parE genes (7, 9) . It is noteworthy that in clinical isolates also, we found resistant strains that harbored alterations in both DNA gyrase and topoisomerase IV subunits (8) . Thus, the widespread use of fluoroquinolones had also led to the emergence of quinolone resistance in vivo in M. hominis, a genital mycoplasma involved in endometritis, salpingitis, postpartum septicemia (6), and some extragenital infections (36) .
For mycoplasmas, complete genome sequencing projects led to the identification of the gyrA, gyrB, parC, and parE genes of Mycoplasma genitalium (20) and Mycoplasma pneumoniae (26) . In these mycoplasmas, as in most of the gram-positive bacteria including Bacillus subtilis (37) and S. aureus (35) , the adjacent gyrA and gyrB genes are located very close to the replication origin downstream of the dnaA-dnaN genes, whereas parC and parE, which also are contiguous, are quite distant from the origin.
Previous studies of M. hominis by Ladefoged and Christiansen (33) showed the gyrB gene not to be in the immediate vicinity of the replication origin. In addition, the gyrA gene was found to map 35 kbp from gyrB on the chromosome. While the gyrB gene has been fully sequenced (33) , only the QRDR sequence of gyrA has been determined (7).
Here we report the cloning and characterization of the parC and parE genes of the M. hominis topoisomerase IV that were previously shown to be associated with quinolone resistance in this organism (8, 9) . The primary structures of the parC-and parE-encoded polypeptides are compared to their counterparts in other bacteria.
MATERIALS AND METHODS
Bacterial strains and plasmids. The reference strain PG21 (ATCC 23114) of M. hominis was grown in Hayflick modified broth medium supplemented with arginine (21) . The E. coli strain TG1 and the pBS ϩ vector (Stratagene cloning systems) were used to construct libraries and to subclone DNA inserts. For transformation with plasmid DNA or ligation mixtures, competent E. coli cells were prepared in accordance with the Hanahan procedure (24) .
DNA isolation. Mycoplasmal genomic DNA was isolated as previously described (7). Large-scale and small-scale preparations of plasmid DNA amplified in E. coli were carried out in accordance with standard procedures (44) .
Restriction mapping of the parC and parE region. Genomic DNA of M. hominis PG21 was single-or double-digested with various restriction enzymes. Restriction fragments were separated by electrophoresis in 0.8% agarose gels, blotted onto positively charged nylon membranes by the alkali transfer procedure, and hybridized to 32 P-labelled probes under standard stringent conditions (44) . The parC and parE probes were the 310-bp parC and 297-bp parE DNA fragments generated by PCR amplification of the M. hominis genomic DNA with primer pairs MH11-MH13 and MH28-MH29, respectively (see Fig. 1 and 2 ). Experimental conditions for PCR amplification were described previously (9) . The amplification products were purified by using the Wizard PCR Preps DNA purification system (Promega) and were labelled by the random priming procedure with [␣-
32 P]dATP as the labelled nucleotide. A restriction map was constructed from the hybridization patterns of genomic DNA with the parC and parE probes.
Construction and screening of the M. hominis genomic DNA library. Genomic DNA of M. hominis PG21 was digested to completion with EcoRI, and the fragments were ligated to the EcoRI-linearized pBS ϩ vector. The recombinant clones containing the parC and parE sequences were selected by in situ hybridization of colonies with a mixture of the 32 P-labelled parC and parE probes (see above) in accordance with standard procedures (44) . Hybridization-positive clones were selected, and their plasmid content was determined. The recombinant plasmid pMHE6, containing a 7.6-kbp DNA insert hybridizing with both the parC and parE probes, was selected for sequencing studies.
DNA sequence analysis. Both strands of double-stranded DNA were sequenced by using the AmpliTaq DNA polymerase FS Dye Terminator Cycle Sequencing Ready Reaction kit and an ABI-Prism 377 sequencer (Applied Biosystems Division, Perkin-Elmer) in accordance with the manufacturer's instructions. Forward and reverse primers flanking the multiple-cloning-site polylinker of the pBS ϩ vector as well as internal primers were used to obtain the complete sequence of the DNA insert of the recombinant plasmid pMHE6.
Sequence alignments were done with the GAP and PILEUP modules of the Genetics Computer Group software package (16) , and searches for similar sequences in the GenBank database were performed by using the BLAST program (3).
PFGE. Pulsed-field gel electrophoresis (PFGE) and identification of gene positions were performed essentially as described previously for Spiroplasma citri (53) . The restriction endonucleases BamHI, SalI, SmaI, and XhoI were used as indicated by the manufacturers. The restriction fragments were separated by using transverse alternating field electrophoresis. The separation conditions were as follows: 5s, 6 h; 10 s, 6 h; 20 s, 6 h; at a voltage of 350 V and a temperature of 8°C. Sizes of separated DNA fragments were determined by comparison with lambda phage DNA concatemers as molecular weight markers.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the GenBank nucleotide sequence database under accession no. AF036961.
RESULTS
Cloning the parC and parE genes of M. hominis. Southern blot analysis of genomic DNA from M. hominis PG21 revealed that the parC and parE probes both hybridized with a 6.9-kbp HindIII fragment, a 5-kbp EcoRV fragment, a 7.6-kbp EcoRI fragment, and 3.6-kbp EcoRI-HindIII fragment (data not shown). The 7.6-kbp EcoRI fragment was recovered from a genomic DNA library of M. hominis by in situ colony hybridization, and its nucleotide sequence was determined. A partial restriction map is shown in Fig. 1 . DNA sequence analysis (see below) indicated that the recombinant plasmid, named pMHE6, contained the entire parE and parC genes of M. hominis.
Sequence analysis of the pMHE6 DNA insert. Sequencing the DNA insert of plasmid pMHE6 showed that it comprises 7,603 nucleotides with a GϩC content of 28.9% that is almost identical to that (29%) of the full genome of M. hominis PG21.
By taking into account the fact that, in mycoplasmas, UGA codes for tryptophan (11, 52) , we found this sequence to contain six open reading frames (ORF1 to ORF6), each starting with an ATG codon located downstream of a putative ribosome binding site (RBS). In the sequenced DNA fragment, the 3Ј end of ORF1 and the 5Ј part of ORF6 are truncated (Fig. 1) .
The first ORF (ORF1) starts at nucleotide 1 of the submitted sequence and ends at nucleotide 258 with a TAA stop codon. It encodes the 86-amino-acid C-terminal end of a polypeptide which has significant homology, 26.7% identity and 39.5% similarity in an 86-amino-acid overlap, with the glucose-1-phosphatase of E. coli (GenBank accession no. P19926).
The second and third ORFs, nucleotides 315 to 2231 (ORF2) and nucleotides 2240 to 4837 (ORF3), are separated by only 9 nucleotides. The RBS sequence upstream of the ORF3 initiation codon overlaps the TAG termination codon of ORF2. ORF2 and ORF3 were identified, respectively, as the parE and parC genes of M. hominis (see below).
ORF4 (nucleotides 5077 to 5187) codes for a putative polypeptide for which no appreciable homology with known proteins was found.
ORF5 (nucleotides 5347 to 6429) encodes a putative 361-amino-acid polypeptide with a 27-amino-acid N terminus characteristic of signal peptide sequences. This polypeptide shows significant homology (23.9% identity and 29.2% similarity) with a B. subtilis RNase precursor (GenBank accession no. Q03091). However, it should be noticed that regardless of our careful sequencing of both strands, we found a TAA stop codon within the reading frame at position 6172 of the submitted sequence. However, amino acid sequences upstream and downstream of this stop codon both have homology with the B. subtilis RNase precursor.
The predicted amino acid sequence of ORF6 (starting at nucleotide 6508) has striking homology with the sequences of dipeptidases. In particular, it has 22.8% identical amino acids with a putative peptidase of B. subtilis (GenBank accession no. AF008220). However, the highest homology score (40.4% identity and 52.3% similarity) was found with a hypothetical protein of Mycoplasma capricolum (GenBank accession no. S48588).
Downstream of ORF1, the presence of imperfect inverted repeat sequences (nucleotides 255 to 274 and 281 to 299) followed by a stretch of uridine residues (in the mRNA) strongly suggests a rho-independent terminator. Similar structures were also found between ORF4 and ORF5 (nucleotides 5222 to 5231 and 5236 to 5245) and between ORF5 and ORF6 (nucleotides 6426 to 6438 and 6442 to 6453) (Fig. 1) .
No such a structure but, instead, a 230-bp intergenic region was found downstream of ORF3. These observations suggest that ORF1, -4, -5, and -6 would be individually transcribed whereas ORF2 and ORF3 carrying the parE and parC genes of M. hominis would be cotranscribed to one single mRNA.
Sequence analysis of M. hominis ParE and ParC subunits. As indicated above, ORF2 and ORF3 were identified as the parE and parC genes of M. hominis, respectively. The nucleotide and the derived amino acid sequences of these two ORFs are presented in Fig. 2 .
The predicted ParE polypeptide contains 639 amino acids with a calculated molecular mass of 71.7 kDa. As shown in Table 1 , the ParE polypeptide exhibits a higher percentage of identity with the GrlB (52%) than with the GyrB (46.1%) subunits of S. aureus (18, 35) . The M. hominis ParE exhibits similar percentages of identity with the GyrB (37.5%) and ParE (35.7%) subunits of E. coli (1, 28, 41) . The highest level of homology (55.5% identity) was found with the ParE protein of S. pneumoniae (39) . In a comparison with other mycoplas- (Fig. 3) . Interestingly, the Asp4263Asn substitution, which was associated with the resistance to fluoroquinolones of M. hominis mutants (8, 9) , is located within the first motif. In the N-terminal part, the ATP-binding region (positions 1 to 150 approximately) containing a glycine-rich segment is also conserved (Fig. 3) .
The predicted ParC polypeptide of M. hominis comprises 866 amino acids with a calculated molecular mass of 92.2 kDa. It has 37.6% identity with the GrlA (ParC) subunit (18) (20, 26) . From these sequence homologies, we identified ORF3 as the parC gene of the topoisomerase IV of M. hominis. Compared to its counterparts in S. aureus, M. genitalium, and E. coli (Fig. 4) , the ParC protein shows greatest homology in its N-terminal breakage-reunion region, which includes the most conserved stretches DGLKPV (positions 47 to 52 of the M. hominis ParC sequence), YHPHGD (positions 85 to 90), and AAMRYTE (positions 126 to 132) (Fig. 4) . The tyrosine active site, Tyr130, is located within the third conserved domain, AAMRYTE, of the protein (Fig. 4) . The second consensus sequence, YHP HGD, maps within the QRDR. Amino acid residues Ser91 and Glu95 are the equivalents of Ser80 and Glu84 of the S. aureus and E. coli ParC subunits, which have been shown to be hot spots for quinolone resistance (17, 18, 25, 30, 31, 51) . Indeed, we have demonstrated substitutions of these two amino acids in fluoroquinolone-resistant mutants of M. hominis selected in vivo and in vitro as well (8, 9) . As shown in Fig. 4 , the Cterminal region of the protein is much less conserved. 
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Location of the topoisomerase IV genes on the genomic map of M. hominis PG21. The parC and parE genes were located on the map of M. hominis PG21 (32) by using PFGE and Southern blot hybridization with the M. hominis parC and parE probes (data not shown). As expected, both probes hybridized with the same fragments, SmaI fragment H, BamHI fragment E, XhoI fragment D, and SalI fragment C, of the previously published genetic map of M. hominis PG21 (32) . Hence, the adjacent parC and parE genes are located within the 110-kbp region where these restriction fragments overlap. It is noteworthy that this region is quite distant from the gyrB and gyrA genes (33).
DISCUSSION
Two M. hominis coupled genes encoding proteins homologous to the subunits of DNA gyrase and DNA topoisomerase IV were cloned and sequenced. By use of PFGE and hybridization with appropriate probes, these genes were found to map far away from gyrA and gyrB genes on the chromosome.
In many bacteria, gyrB lies close to the origin of replication, where genes are organized in the following order: dnaA, dnaN, recF, gyrB, and gyrA. A similar gene organization was described for M. pneumoniae (14) , M. genitalium (4) , and also for the plant mollicute Spiroplasma citri (54) . However, gyrA and gyrB were shown not to be coupled in M. hominis. Instead, gyrA was mapped 35 kbp downstream of gyrB. This might have arisen by chromosomal rearrangement, regardless of the phylogenetic evolution (33) . In addition, the gyrB gene of M. hominis was not located in the vicinity of the replication origin (33) . Such a situation was also described for M. capricolum, an animal mycoplasma, where the gyrB gene is located opposite the chromosomal replication origin (45) . In M. hominis, the gyrB gene was identified since it encodes a protein exhibiting higher homology with the E. coli GyrB subunit (50% identity) than with ParE (40% identity) (33) .
From these data and from the finding that the encoded proteins were most closely related to the topoisomerase IV subunits of S. aureus, the M. hominis genes that we have cloned were designated the parC and parE genes. It is known that the ParC protein of a given organism has generally lower homology with the ParC proteins of other organisms than does GyrA with other GyrA proteins (27) . This is also true for the ParC subunit of M. hominis. In the case of ParE, the similarity to GyrB subunits is significantly lower than that to other ParE proteins.
The M. hominis ParC subunit with 866 residues seems to be the largest ParC subunit sequenced so far. In comparison to ParC subunits of S. pneumoniae (823 amino acids) and to GrlA of S. aureus (800 amino acids), the M. hominis ParC contains additional amino acids both at the N-and the C-terminal ends. However the N-terminal moiety of the protein, containing the active site, is much more conserved than the C-terminal part. In contrast to ParC, the ParE subunit of M. hominis, with 639 amino acids, has a size similar to those of the other ParE proteins. Also, the overall similarities to other ParE proteins, which range from 49% (with E. coli) to 66% (with S. pneumoniae), are higher than those to the ParC subunit, which range from 41% (with E. coli) to 51% (with S. aureus).
In M. hominis, the parC and parE genes were found to be contiguous, as described previously for the topoisomerase IV genes of the gram-positive bacteria S. aureus (18) , B. subtilis (43) , S. pneumoniae (39) , and the mycoplasmas M. genitalium (5, 20) , M. pneumoniae (26) , and M. gallisepticum (46) . In the gram-negative bacteria E. coli and S. typhimurium, in which the gyrase genes are not linked, the topoisomerase IV genes parC and parE are separated by only 6 kbp (28, 34) . In S. aureus and M. genitalium, the grlA or parC and grlB or parE genes overlap by 1 nucleotide, suggesting that these genes are transcriptionally coupled (5, 18) . A similar situation seems to occur in M. hominis since the RBS sequence of parC overlaps the stop codon of parE and since no terminator-like structure was detected between parE and parC. Hence, it is likely that the topoisomerase IV genes of M. hominis are transcribed as a single message. Although no transcription terminator structure was detected immediately downstream of ParC, such a structure was found 400 bp downstream, at the end of ORF4.
Topoisomerase IV and DNA gyrase are both essential to the cell. Gyrase, through the ability to introduce negative supercoils into DNA, is involved mostly during the initiation and elongation stages of replication. The primary function of topoisomerase IV is the decatenation of chromosomes during the terminal stages of DNA replication. Interestingly, complete sequencing of the Helicobacter pylori genome (49) revealed that this organism does not possess the topoisomerase IV genes parC and parE. In contrast, in the hyperthermophilic archaeon Methanococcus jannaschii, only genes encoding topoisomerase IV and reverse gyrase, no DNA gyrase genes, were found (13) . Furthermore, DNA gyrase activity has not yet been detected in vitro in any of the archaea (19) . Several studies showed that topoisomerase IV and gyrase could have redundant activity since very high level expression of gyrase subunits can suppress defects in topoisomerase IV, although the reverse is not true (29, 56) . From these data, the question of a common ancestor for both gyrase and topoisomerase IV can be raised. Further studies on the distribution of various topoisomerase activities among prokaryotes would help to test this hypothesis.
Topoisomerase IV, as well as DNA gyrase, is considered a target of quinolones. In previous studies, we found that the substitutions Ser913Ile, Ser923Pro, and Glu953Lys or Gly in ParC and Asp4263Asn in ParE were associated with fluoroquinolone resistance in M. hominis mutants selected in vivo and in vitro (8, 9) . These positions have been found to be frequently altered in quinolone-resistant mutants of E. coli, S. aureus, and S. pneumoniae (17, 18, 25, 30, 31, 38, 39, 42, 51) .
On the basis of sequence comparisons and physical mapping, we conclude that we have identified the parC and parE genes of the wall-less organism M. hominis. However, the ATP-dependent DNA decatenase activity of the protein reconstituted from the parE-and parC-encoded subunits is still to be demonstrated.
